INTRODUCTION {#SEC1}
============

Thymine DNA glycosylase (TDG) is an enzyme that initiates base excision repair by removing modified forms of 5-methylcytosine (mC) that are generated by deamination or oxidation ([@B1]). TDG excises thymine from G·T mispairs, thereby protecting against C→T transition mutations that arise via deamination of mC to T ([@B2],[@B3]). TDG is also essential for active DNA demethylation, which likely accounts for findings that its depletion in mice leads to embryonic lethality ([@B4],[@B5]). An established pathway for active DNA demethylation includes TDG excision of 5-formylcytosine or 5-carboxylcytosine ([@B6],[@B7]), epigenetic bases that are generated via oxidation of mC by one of three ten-eleven translocation enzymes ([@B7]--[@B11]). TDG also removes many other bases (*in vitro*), including uracil, 5-halogenated uracils (5FU, 5ClU, 5BrU, 5IU) and 5-hydroxymethyl-U (hmU), among others ([@B12],[@B13]). Human TDG (410 residues) contains a central catalytic domain of about 195 residues flanked by N-terminal and C-terminal regions of roughly equivalent size that are disordered and yet important for certain functions, interactions with other proteins and regulation by post-translational modifications such as acetylation, phosphorylation and SUMO conjugation ([@B14]--[@B21]).

Here, we report structural and functional studies of TDG^82-308^, a new construct of human TDG comprised of residues 82--308 (of 410 total) that includes the catalytic domain and an N-terminal region that contains amino acid residues involved in regulation of TDG via protein interactions or post-translational modifications. All previous structural studies of TDG have used a construct referred to as the catalytic domain, TDG^cat^, comprising residues 111--308 ([@B22]--[@B25]) or SUMO-conjugated TDG, which included residues 117--332 ([@B26]). TDG^82-308^ contains 29 additional N-terminal residues compared to TDG^111-308^ (Figure [1](#F1){ref-type="fig"}). These include the PIP degron (residues 95--106), which mediates TDG depletion during S phase of the cell cycle via interaction with PCNA and CRL4^Cdt2^, a ubiquitin E3 ligase ([@B27]--[@B29]). The N-terminal region also contains three Lys residues that are subject to acetylation by CBP/p300 ([@B14]) and two Ser residues that are putative phosphorylation sites (modification sites shown in Figure [1](#F1){ref-type="fig"}) ([@B30]). Previous studies also indicate that some portion of the N-terminal region comprising residues 55--110, which is enriched in Arg and Lys, is required for efficient binding and catalytic processing of G·T mispairs, and for efficient binding to non-specific DNA ([@B16],[@B22],[@B31]). In addition, N-terminal residues of TDG mediate interactions with other proteins, including CBP/p300, Dnmt3A/B, the 9-1-1 complex and SIRT1 ([@B14],[@B16],[@B17],[@B32]). Importantly, all residues of the new TDG^82-308^ construct are native to human TDG, because the entire poly-His purification tag is removed via protease cleavage, as described below. By contrast, TDG^111-308^ contains six non-native N-terminal residues that remain after cleavage of the poly-His tag (Figure [1](#F1){ref-type="fig"}) ([@B22],[@B23]).

![Amino acid sequence for the N-terminal regions of TDG^82-308^ and TDG^111-308^ and the initial residues of the bacterial homologue MUG (*E. coli*). Putative sites for post-translational modification are indicated for TDG^82-308^, including acetylation (A) and phosphorylation (P). Also shown is the PIP degron and an α-helix that has not been observed in previous structures of E·S complexes. Shown in red for TDG^111-308^ are the six non-native residues that remain after removal of the poly-His tag. All residues of TDG^82-308^ are native to TDG.](gkw768fig1){#F1}

We investigated the activity of TDG^82-308^, TDG^111-308^ and full-length TDG for acting on G·T mispairs in DNA. We find that substrate binding and catalysis for TDG^82-308^ is equivalent to that of full-length TDG, and much greater than that of TDG^111-308^. Using improved crystallization methods ([@B33]), we solved high-resolution structures of the enzyme bound to a stable G·U substrate analog, for both TDG^82-308^ (1.54 Å) and TDG^111-308^ (1.71 Å). These new structures are of much higher resolution than previously reported structures of TDG in an enzyme-substrate (E·S) complex, which were solved at 3.0 Å resolution ([@B24],[@B34]). We also solved a high-resolution (1.70 Å) enzyme-product (E·P) complex using the new TDG^82-308^ construct. The structures reveal important enzyme-DNA contacts that have not previously been observed, many of which are mediated by ordered water molecules (absent from previous structures). The structures also confirm many key enzyme-substrate interactions that were suggested by the previous lower-resolution structures. Notably, several key enzyme--DNA interactions are observed only for the new construct, TDG^82-308^, suggesting its value for future structure-function studies. Remarkably, crystal structures and solution studies using NMR spectroscopy show that most of the 29 N-terminal residues of TDG^82-308^ are disordered, even when the enzyme is tightly bound to G·U or G·T substrate DNA. Together, our results advance the understanding of how TDG recognizes and excises modified bases in DNA, particularly those arising from deamination.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

Full length human TDG (410 residues) and TDG^111-308^ (also referred to as TDG^cat^) were expressed in *Escherichia coli* and purified essentially as previously described ([@B23],[@B35]). A vector (pJ401) for expressing TDG^82-308^, a new construct containing residues Ser^82^-Val^308^ of human TDG (Figure [1](#F1){ref-type="fig"}) plus an N-terminal poly-His tag, was obtained from DNA 2.0 (Newark, CA, USA) and transformed into *E. coli* BL21(DE3) cells. TDG^82-308^ was expressed (at 15°C) and purified essentially as described for TDG^111-308^, using Ni-affinity, ion-exchange (SP sepharose) and size exclusion chromatography ([@B23],[@B35]). The poly-His tag was removed (after Ni-affinity) using the tobacco etch virus (TEV) protease ([@B36]), which cleaves on the carboxyl end of its recognition site. As such, following TEV cleavage, all residues of TDG^82-308^ are native to TDG. By contrast, TDG^111-308^ contains six non-native N-terminal residues (GSHMAS) that remain after thrombin cleavage of the N-terminal poly-His tag (Figure [1](#F1){ref-type="fig"}) ([@B22],[@B23]). The enzyme preparations were \>99% pure, as judged by SDS-PAGE (Coomassie stained gel), and their concentration was determined by absorbance at 280 nm ([@B37],[@B38]). The extinction coefficient for TDG^82-308^ is identical to that for TDG^111-308^ ([@B23]).

An expression vector for the R110A variant of TDG^82-308^ was generated via site-directed mutagenesis using the Quickchange II system (Agilent Technologies), as previously described ([@B39]); the variant enzyme was expressed and purified as described above.

Uniformly ^15^N-labeled TDG^82-308^ was produced by expression in MOPS minimal media with 99% \[^15^N\]-NH~4~Cl (1g/L) (C.I.L.), as previously described ([@B40],[@B41]). Briefly, transformed BL21 (DE3) cells (Novagen) were grown overnight on an LB plate (37°C); several colonies were used to inoculate 0.2 L of LB medium and the culture was grown at 37°C to an OD~600~ of about 0.6. Cells were harvested, suspended in 2 l of MOPS minimal media, and grown to OD~600~ of 0.7. The temperature was reduced to 15°C, expression was induced with IPTG (0.4 mM) overnight (∼16 h) and ^15^N-labeled TDG^82-308^ was purified as described above.

TEV protease (S219V variant) was expressed and purified as previously described ([@B36]) using a bacterial expression vector (pRK793) obtained from Addgene (Cambridge, MA, USA).

The Oligodeoxynucleotides (ODNs) were obtained from IDT or the Keck Foundation Biotechnology Resource Laboratory at Yale University. ODNs were purified by reverse phase HPLC ([@B33]), exchanged into 0.02 M Tris-HCl pH 7.5, 0.04 M NaCl and quantified by absorbance as described ([@B35]). ODNs containing the 2′-fluoroarabino analogues of deoxyuridine or deoxythymidine, referred to as U^F^ and T^F^, respectively, were synthesized at the Yale facility using phosphoramidites obtained from Glen Research (U^F^) or Link Technologies (T^F^) ([@B39]). TDG binds productively to DNA containing U^F^ or T^F^ but it cannot hydrolyze the *N*-glycosyl bond because the single-atom fluorine substitution destabilizes the chemical transition-state ([@B38],[@B39],[@B42],[@B43]). The duplex included a 28mer target strand, 5′-AGCTGTCCATCGCTCAxGTACAGAGCTG, where x is T, U^F^ or T^F^ and its complement, 5′-CAGCTCTGTA[CG]{.ul}TGAGCGATGGACAGCT, such that the target base (x) is paired with G and located in a CpG dinucleotide context (underlined), consistent with TDG specificity ([@B35],[@B44]). The same 28 bp DNA construct was used for glycosylase assays (x = U, T), NMR experiments (x = T^F^) and equilibrium binding studies (x = T^F^; with 3′ 6-FAM on the complementary strand).

X-ray crystallography {#SEC2-2}
---------------------

Samples used for crystallization contained 0.35 mM enzyme (TDG^82-308^ or TDG^111-308^) and 0.42 mM DNA in a buffer of 5 mM Tris-HCl pH 7.5, 0.13 M NaCl, 0.2 mM DTT, 0.2 mM EDTA. The enzyme--product complex was produced by incubating TDG^82-308^ with G·U DNA substrate for a sufficient time to ensure full conversion to product, as confirmed by HPLC ([@B12]). Crystals were grown at room temperature (∼22°C) by sitting drop vapor diffusion, using 1 μl of the TDG--DNA sample and 1 or 2 μl of mother liquor, which was 30% (w/v) PEG 4000, 0.2 M ammonium acetate, 0.1 M sodium acetate, pH 6.0. Crystals typically appeared within in a few days. Crystals were cryo-protected using mother liquor supplemented with 18% ethylene glycol and flash cooled in liquid nitrogen.

X-ray diffraction data were collected at the Stanford Synchrotron Radiation Lightsource (SSRL beamlines 11--1) and at the Advanced Light Source (ALS beamline 8.2.2). The images were processed using XDS ([@B45]) and scaled with Aimless ([@B46]) from the CCP4 program suite ([@B47]) with the help of the autoxds script developed by Ana Gonzalez and Yingssu Tsai (<http://smb.slac.stanford.edu/facilities/software/xds>). For the TDG^111-308^ E·S complex 3 data sets were collected from separate section of a single crystal and merged to increase resolution. Resolution cutoff was determined based on CC1/2 values ([@B48]). Structures were solved by molecular replacement using Phaser ([@B49]), and a previously reported structure of DNA-bound TDG^111-308^ as the search model (PDBID: 4Z47). Refinement was performed using BUSTER-TNT ([@B50]) or REFMAC5 ([@B51]), and model building was performed using Coot ([@B52]). TLS refinement protocol utilized TLSMD server ([@B53],[@B54]) as described ([@B33]). The structural figures were made with PyMOL (<http://www.pymol.org>).

NMR spectroscopy {#SEC2-3}
----------------

^15^N-HSQC experiments were collected on an 800 MHz Bruker Avance III NMR spectrometer, and the data were processed and analyzed using NMRPipe and NMRDraw ([@B55]). Sample conditions are provided in the relevant figure legends.

Equilibrium binding assays {#SEC2-4}
--------------------------

Equilibrium binding of enzyme (TDG, TDG^82-308^ or TDG^111-308^) to a G·T^F^ substrate analog was analyzed using electrophoretic mobility shift assays (EMSAs), performed essentially as described ([@B20]), where T^F^ is the 2′-fluoroarabino analogue of dT (described above). Samples contained a 10 nM concentration of G·T^F^ DNA and varying concentrations of enzyme. Binding reactions were incubated at room temperature for 30 min, loaded onto a 6% native denaturing polyacrylamide gel (Invitrogen) and run at 4°C for 2 h at 50 V. Gels were imaged using a Typhoon 9400 variable mode imager (GE Healthcare) as described ([@B56]).

Glycosylase assays {#SEC2-5}
------------------

Single turnover kinetics reactions were initiated by adding enzyme (TDG, TDG^82-308^ or TDG^111-308^) to G·T substrate (0.5 uM) in HEMN.1 buffer (0.02 M HEPES pH 7.5, 0.1 M NaCl, 0.2 mM EDTA, 2.5 mM MgCl~2~). Aliquots were removed at desired time points, quenched with 50% (v:v) 0.3 M NaOH, 0.03 M EDTA, and heated (15 min, 85°C) to quantitatively cleave the DNA backbone at TDG-generated abasic sites. The resulting DNA fragments were resolved by HPLC ([@B35]) and peak areas were used to determine fraction product. Progress curves (fraction product versus time) were fitted by non-linear regression to eq. [1](#M1){ref-type="disp-formula"}: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}{\rm{fraction}}\,{\rm{product}} = A\left( {1 - \exp \left( { - {k_{{\rm{obs}}}}t} \right)} \right)\end{equation*}\end{document}$$ where *A* is the amplitude, *k*~obs~ is the rate constant, and *t* is the reaction time. Experiments were performed with saturating enzyme (\[E\] \>\> *K*~d~; \[E\] \> \[S\]) such that the observed rate constant reflects the maximal rate of product formation (*k*~obs~ ≈ *k*~max~) and is not influenced by enzyme--substrate association or by product release or product inhibition ([@B39]). Previous studies show that TDG binds G·T DNA with a *K*~d~ of 0.02 µM ([@B38]), while TDG^111-308^ binds G·T DNA with *K*~d~ of roughly 1.3 µM ([@B24]). Findings here indicate similar values and show that TDG^82-308^ binds with tighter affinity than TDG. Thus, kinetics experiments were performed with an enzyme concentration of 5 μM for TDG or TDG^82-308^, and 32 µM for TDG^111-308^. Saturating conditions were confirmed by observation of identical rate constants for experiments performed at other enzyme concentrations (not shown).

RESULTS AND DISCUSSION {#SEC3}
======================

Residues 82--110 of TDG confer tight substrate binding and full glycosylase activity for G·T mspairs {#SEC3-1}
----------------------------------------------------------------------------------------------------

To compare the activity of TDG^82-308^ with the smaller construct, TDG^111-308^ and with full-length TDG, we examined binding affinity and glycosylase (base excision) activity for a G·T substrate. This provides a stringent test for the role of N-terminal residues 82--110 (absent on TDG^111-308^), because substrate binding and base excision are weak for G·T mispairs relative to other TDG substrates ([@B24],[@B38],[@B57]). We examined the binding affinity for a G·T^F^ analog, where T^F^ is 2′-flouroarabino-deoxythymidine, an analog of thymidine that flips into the TDG active site but is not cleaved ([@B34],[@B38],[@B39]). Using EMSA, we find that G·T^F^ binding is actually a bit tighter for TDG^82-308^ compared to TDG, and dramatically weaker for TDG^111-308^ (Figure [2A](#F2){ref-type="fig"}). The EMSAs indicate G·T^F^ binds with a *K*~d~ of roughly 10 nM for TDG^82-308^ and about 20 nM for TDG. The result for TDG is in excellent agreement with the reported *K*~d~ of 18 nM obtained by fluorescence anisotropy ([@B38]). In sharp contrast, we find that TDG^111-308^ binds G·T^F^ DNA with a *K*~d~ of over 1 µM, consistent with a previously reported *K*~d~ of 1.3 µM ([@B24]). Similarly, we find that the G·T glycosylase activity is equivalent for TDG^82-308^ and TDG, but is much (6-fold) lower for TDG^111-308^ (Figure [2B](#F2){ref-type="fig"}). Taken together, the results show that residues 82--110 (or some fraction thereof) are essential for proper G·T substrate binding and catalysis. While previous studies suggested that a larger construct comprising residues 56--308 (TDG^56-308^) is needed for full G·T glycosylase activity ([@B22]), the results here show that TDG^82-308^ retains full G·T activity. These results suggested that TDG^82-308^ could be a good construct for structural studies.

![Biochemical studies of full length TDG, TDG^82-308^ and TDG^111-308^. (**A**) Equilibrium binding of a given TDG construct to DNA (10 nM) containing a G·T^F^ mismatch, where T^F^ is a non-cleavable Thd analog, monitored by electrophoretic mobility shift assays (EMSA). The concentration of enzyme (nM) is indicated. For TDG^111-308^, the left lane marked '20\*' indicates binding to abasic DNA product (10 nM, 28 bp), to show the mobility of a tight 1:1 complex, given that such a complex is not clearly observed for G·T^F^ DNA in the gel. (**B**) Single-turnover kinetics for excision of T from a G·T DNA substrate by the three TDG constructs, at 37°C and 22°C (TDG^111-308^ not stable at 37°C). Rate constants are *k*~max~ = 0.651 ± 0.044 min^−1^ for TDG and *k*~max~ = 0.655 ± 0.020 min^−1^ for TDG^82-308^ at 37°C, and *k*~max~ = 0.126 ± 0.008 for TDG, *k*~max~ = 0.108 ± 0.006 min^−1^ for TDG^82-308^, and *k*~max~ = 0.022 ± 0.002 min^−1^ for TDG^111-308^ at 22°C.](gkw768fig2){#F2}

First high-resolution structures of enzyme-substrate complexes for TDG {#SEC3-2}
----------------------------------------------------------------------

Previous structures of enzyme-substrate (E·S) complexes for TDG^111-308^, with either G·U or G·caC, revealed important features of substrate recognition and catalysis, but were solved at moderate (3.0 Å) resolution ([@B24],[@B34]). Moreover, the crystals used for these previous structures were obtained under conditions that give 2:1 binding (TDG:DNA), involving substantial interactions between the two TDG subunits; 2:1 binding is likely an artifact of crystallization and 1:1 binding appears to be more physiologically relevant ([@B23],[@B38],[@B58]). Structures of enzyme-product (E·P) complexes have been determined using crystals generated under conditions that give 1:1 binding (TDG:DNA) ([@B25]), including our recent structures solved at high resolution (up to 1.45 Å) ([@B33]). Following this approach, we solved high-resolution structures of E·S complexes, for G·U^F^ DNA bound to TDG^82-308^ (1.54 Å) or TDG^111-308^ (1.77 Å) (Supplementary Table S1). These structures are of much higher quality than previous structures of E·S complexes, revealing new enzyme--DNA interactions. Moreover, the new structures feature hundreds of water molecules, some mediating key enzyme-DNA interactions. By contrast, no water molecules were observed in previous structures of E·S complexes, except for the putative nucleophile in the structure of TDG^111-308^ bound to a G·U^F^ mispair ([@B34]). Structural comparisons using the percentile-based spread (p.b.s.) approach ([@B59]) reveal that the previous TDG^111-308^-G·U^F^ structure (2.97 Å resolution) differs substantially from the new structures reported here, with a backbone p.b.s. of 0.51 Å for TDG^111-308^-G·U^F^ and 0.58 Å for TDG^82-308^-G·U^F^ (Supplementary Figure S1). By contrast, the two new E·S structures reported here are quite similar, with a backbone p.b.s. of 0.23 Å, even though they feature different TDG constructs and crystal cell parameters.

N-terminal residues in crystal structures of TDG^82-308^ {#SEC3-3}
--------------------------------------------------------

While the results above show that the 29 N-terminal residues of TDG^82-308^ confer tight binding to G·T DNA (Figure [2](#F2){ref-type="fig"}), only four of these residues (107--110) are observed in the new structures, for both the E·S complex (Figure [3](#F3){ref-type="fig"}) and the E·P complex (not shown), indicating that the 25 N-terminal residues (82--106) are disordered. This conclusion is supported by NMR studies, as discussed below. Nevertheless, the structures reported here provide new information regarding the N-terminal residues that are observed. First, it is important to note that many more N-terminal residues are observed in structures that feature 1:1 versus 2:1 binding stoichiometry (TDG:DNA), as shown by ourselves and others ([@B25],[@B33]). These previous studies showed that, depending on the DNA construct, TDG^111-308^ can bind DNA with either 1:1 or 2:1 stoichiometry ([@B25],[@B33]). Importantly, all previous structures of enzyme--substrate complexes for TDG were obtained from crystals generated using DNA that yielded 2:1 binding (TDG:DNA), and therefore lack structural information for residues 111 to 122 ([@B23],[@B24],[@B34]). By contrast, the two enzyme--substrate structures reported here were generated from DNA that gives 1:1 binding and include N-terminal residues beginning at 107 for TDG^82-308^ and at 111 for TDG^111-308^. These N-terminal residues interact with other regions of the TDG catalytic domain, and feature an α-helix (α0; Glu^116^-Thr^121^) (Figure [3](#F3){ref-type="fig"}). Notably, residues that participate in the TDG:TDG dimer interface for the 2:1 complex (Leu^143^, Tyr^147^, Thr^196^ and Pro^198^) form contacts with the N-terminal helix (α0) and other N-terminal residues in the 1:1 complexes, which could explain why more N-terminal residues are disordered in structures featuring 2:1 versus 1:1 binding (Supplementary Figure S1).

![Crystal structure of the E·S complex for TDG^82-308^ bound to G·U^F^ DNA (PDBID: 5HF7), solved at 1.54 Å, focusing on the N-terminal region (residues 108--122). TDG is shown in cartoon format (blue) with some residues in stick format (white with nitrogen blue and oxygen red). DNA is shown in both space and stick formats, with the dUrd-containing strand yellow and the complementary strand green. Water molecules are shown as red spheres and dashed lines represent hydrogen bonds.](gkw768fig3){#F3}

The E·S and E·P structures for TDG^82-308^ reveal that the Arg^110^ side chain contacts the phosphate of the nucleotide located immediately 5′ of the flipped nucleotide (Figure [3](#F3){ref-type="fig"}). Mutational studies show that substrate binding is about 2-fold weaker and the maximal rate of base-excision (*k*~max~) is 4-fold slower for R110A-relative to wild-type TDG^82-308^ (Supplementary Figure S2). Thus, Arg^110^ contributes significantly to substrate binding and glycosylase activity. The structures also reveal that the backbone N--H of Asp^109^ contacts a phosphate in the complementary DNA strand. Structures of TDG^82-308^ exhibit reasonable electron density for the N-terminal residues Lys^107^-Arg^110^ (Supplementary Figure S3). The residues that contact DNA backbone phosphates, Asp^109^ and Arg^110^, have B-factors of 49.5 Å^2^ and 44.5 Å^2^ in the E·S complex and 46.4 Å^2^ and 44.7 Å^2^ in the E·P complex, respectively. Together, the structural and biochemical findings suggest that the minimal catalytic domain of TDG should be redefined to include Asp^109^ and Arg^110^.

Interestingly, the presence of residues 82--110 (or some fraction thereof) has a greater effect on overall protein structure than does a transition from the E·S to the E·P complex (for a given TDG construct). More specifically, the percentile-based spread (p.b.s.) ([@B59]) between the E·S and E·P complexes is 0.18 Å for TDG^82-308^ and 0.11 Å for TDG^111-308^. However, when comparing corresponding structures for TDG^82-308^ versus TDG^111-308^, the p.b.s is 0.23 Å for the E·S complexes and 0.29 Å for E·P complexes.

High-resolution structure of an E·P complex for TDG^82-308^ {#SEC3-4}
-----------------------------------------------------------

We also solved a crystal structure of the TDG^82-308^ E·P complex at 1.70 Å, using crystals obtained by incubating the enzyme with a G·U substrate (Supplementary Table S1). As observed for the TDG^82-308^ E·S complex, Arg^110^ contacts the DNA phosphate 5′ of the flipped nucleotide, Asp^109^ (backbone N-H) contacts a phosphate in the complementary strand, but electron density is not observed for residues 82--106. The new TDG^82-308^ E·P complex is very similar to those we reported recently for TDG^111-308^ ([@B33]), as indicated by the backbone p.b.s. of 0.29 Å (noted above). As observed for our high-resolution TDG^111-308^ product complexes ([@B33]), the TDG^82-308^ structure shows unambiguously that the excised base (Ura) is absent from the E·P complex. Similarly, the abasic sugar adopts a roughly even mix of the α and β anomers (not shown). Although the product complexes of TDG^111-308^ and TDG^82-308^ exhibit very similar overall structures, the DNA conformation differs somewhat, particularly for several nucleotides 5′ of the flipped site (not shown), which may reflect DNA contacts involving Asp^109^ and Arg^110^ (lacking for TDG^111-308^). Additional differences are also noted in relevant sections below.

NMR studies of TDG^82-308^ N-terminal residues {#SEC3-5}
----------------------------------------------

The crystal structures indicate that the 26 N-terminal residues of TDG^82-308^ are disordered, even when the enzyme is bound to DNA in a tight E·S or E·P complex. Nevertheless, these N-terminal residues greatly enhance G·T substrate binding for TDG^82-308^ relative to TDG^111-308^ (Figure [2](#F2){ref-type="fig"}). We sought to further explore these findings using NMR chemical-shift-perturbation experiments, a powerful and widely used approach for monitoring protein--ligand interactions, particularly for disordered protein regions such as those of TDG ([@B19],[@B60]--[@B62]). We compared the backbone ^1^H-^15^N chemical shifts for disordered residues of TDG^82-308^, in the presence and absence of DNA containing a G·T^F^ substrate analog (same DNA used for binding studies, Figure [2](#F2){ref-type="fig"}). The ^15^N-HSQC spectrum for DNA-free TDG^82-308^ reveals about 30 resonances that are likely from disordered residues, as indicated by their relatively high intensity and chemical shifts similar to that expected for random coil (Figure [4](#F4){ref-type="fig"}, black peaks). Notably, nearly all of these peaks are absent in the ^15^N-HSQC of free TDG^111-308^ (Supplementary Figure S4), indicating that they likely reflect disordered N-terminal residues of TDG^82-308^. The same NMR experiment was collected for a sample containing TDG^82-308^ with a saturating concentration of G·T^F^ DNA (Figure [4](#F4){ref-type="fig"}, red peaks). The overlaid spectra for free and G·T^F^-bound TDG^82-308^ reveal substantial chemical shift perturbations for most of the disordered N-terminal residues, indicating a change in the conformational ensemble upon binding G·T^F^ DNA. Together, the crystallographic and NMR results indicate that the dramatically enhanced DNA binding affinity and glycosylase activity afforded by the TDG^82-308^ N-terminal residues is attained without adopting an ordered structure, suggesting non-specific interactions between the numerous cationic side chains (Lys, Arg) of TDG^82-308^ (Figure [1](#F1){ref-type="fig"}) and the anionic DNA phosphates.

![NMR studies indicate the N-terminal residues of TDG^82-308^ are disordered, when the enzyme is free or bound to G·T^F^ DNA. Shown are ^15^N-HSQC spectra for TDG^82-308^ (0.13 mM) in the absence of DNA (black peaks) and with a saturating concentration (0.20 mM) of G·T^F^ DNA (red peaks). Samples were in 0.02 M sodium phosphate pH 6.5, 0.15 M NaCl, 0.2 mM EDTA, 0.2 mM DTT, 7% D~2~O. Resonances in the upper right (within dotted lines) are side chain amino groups. NMR spectra were collected at 18°C using on 800 MHz NMR spectrometer. Four resonances are equivalent for free and DNA-bound TDG^82-308^ (\*) and likely correspond to C-terminal residues (^305^NMDV^308^), which are far removed from the DNA-binding surface and not seen in crystal structures of TDG^111-308^ or TDG^82-308^ ([@B23],[@B33],[@B34]), including those reported here. This assignment is supported by observation that the same four resonances appear in NMR spectra for DNA-free TDG^111-308^ (Supplementary Figure S3).](gkw768fig4){#F4}

Interactions with the flipped dUrd nucleotide in the enzyme--substrate complex {#SEC3-6}
------------------------------------------------------------------------------

The new E·S structures of TDG^82-308^ and TDG^111-308^ bound to a G·U^F^ mismatch reveal detailed interactions with the flipped Ura base, some involving ordered water molecules that have not previously been observed in any structure of TDG or the related bacterial MUG enzymes (Figure [5](#F5){ref-type="fig"}). Notably, the E·S interactions shown in Figure [5](#F5){ref-type="fig"} for TDG^82-308^ are also observed for TDG^111-308^ (not shown). The O2 of Ura forms two hydrogen bonds with TDG backbone N-H groups (Ile139, Asn140), as noted previously ([@B34]), and one of these contacts is relatively short (2.8 Å) in the new structures. Ura O2 forms a weak interaction with a water molecule, which is itself tightly bound by a backbone N--H and the Ser^271^ side chain. Notably, Ser^271^ is structurally analogous to the catalytic His residue of the related enzyme, uracil DNA glycosylase (UNG), which uses the catalytic His to contact Ura O2 directly ([@B63]). The O4 of Ura contacts a backbone amide (residue 152) of TDG and forms a close contact with a water molecule that is coordinated by the side chains of His^151^ and Asn^191^ and another ordered water molecule. The imino N3-H of Ura contacts the side chain oxygen of Asn^191^, confirming a previous observation ([@B34]). For uracil and its analogues (including thymine), these interactions are likely important for stabilizing the flipped conformation of the target nucleotide. Moreover, the contacts with O2 and O4 likely stabilize the anionic leaving group that is generated upon cleavage of the *N*-glycosyl bond ([@B64]).

![Interactions with the flipped Ura base in the enzyme--substrate complex of TDG^82-308^ bound to G·U^F^ DNA (PDBID: 5HF7; 1.54 Å). TDG residues are in stick format (white with nitrogen blue and oxygen red), the Ura-containing DNA is yellow (with 2′-F colored cyan) and water molecules are red spheres. The 2*F*~o~--*F*~c~ electron density map, contoured at 1.0 σ, is shown for the DNA and water molecules, but not the enzyme residues (for clarity). Dashed lines represent hydrogen bonds, with interatomic distances (Å).](gkw768fig5){#F5}

We note that the sugar pucker of the flipped 2′-F-dUrd nucleotide, C1′-exo-O4′-endo, is well defined by the electron density for E·S structures of TDG^82-308^ and TDG^111-308^ (Supplementary Figure S5). High-resolution structures of other 2′-fluoroarabino deoxynucleotides, in free DNA or flipped into a glycosylase active site, reveal either the same or a similar sugar pucker, including O4′-endo and C2′-endo ([@B65]--[@B68]). Each of these conformations is observed in high-resolution structures of B-DNA, where pyrimidines often exhibit a pucker other than C2′-endo ([@B69]). A previous structure of the E·S complex for TDG^111-308^-G·U^F^ indicated a slight O4′-endo pucker, though such determination is difficult to make with confidence given relatively low resolution ([@B34]). For the MutY E·S complex, a C2′-endo pucker is observed for 2′-F-dAde and for natural dAde when these nucleotides are flipped into the active site of wild-type or mutant MutY, respectively ([@B66],[@B70]). Thus, at least for this example, the 2′-F substituent does not appear to alter the sugar pucker of the flipped deoxynucleotide.

Notably, both of our E·S structures reveal that the flipped dUrd is partially exposed to solvent owing to a solvent-filled channel that runs along the DNA from the enzyme surface to the active site (Supplementary Figure S6). The solvent-filled channel was recently observed in high-resolution structures of product complexes for TDG^111-308^ ([@B33]). The new structure reveals a similar channel for the enzyme--substrate complex, and indicates that it is not occluded by the additional N-terminal residues of TDG^82-308^. The channel could potentially allow for escape of the excised base, perhaps involving movement of the enzyme and/or DNA. It could also be important for catalysis, given the finding that TDG excision of caC is acid catalyzed, involving a proton derived from solvent rather than a general acid of the enzyme ([@B56]).

Remarkably, the structures also reveal that the backbone carbonyl oxygen of Asn^140^ points directly at the *N*-glycosyl bond of the flipped dUrd (Figure [5](#F5){ref-type="fig"}) and is proximal to C1′ (3.2 Å) and to three nuclei of the Ura base (N1, 2.9 Å; C2, 2.8 Å; O2, 3.0 Å). Such an interaction could potentially serve to drive the anionic leaving group away from the cationic sugar, which could potentially suppress reformation of the *N*-glycosyl bond and thereby favor nucleophile addition. The Asn^140^ backbone oxygen could also stabilize the cationic oxacarbenium ion intermediate that likely arises upon cleavage of the C-N bond ([@B64],[@B71]).

Coordination of the water nucleophile {#SEC3-7}
-------------------------------------

The Asn^140^ side chain is essential for TDG activity ([@B39],[@B72]), likely because it coordinates the nucleophilic water molecule. The previous structure of TDG^111-308^ bound to G·U^F^ suggested how TDG and MUG enzymes coordinate the water nucleophile ([@B34]). However, the putative nucleophile was the sole water molecule observed in the relatively low-resolution (2.97 Å) structure, and confidence in its assignment and placement was therefore somewhat limited. By contrast, the electron density for the two structures reported here is excellent (Figure [6](#F6){ref-type="fig"}), defining clearly how TDG coordinates the water nucleophile and confirming our findings in the lower-resolution structure ([@B34]). The Asn^140^ side chain oxygen forms a short (2.7 Å) hydrogen bond to the putative nucleophilic water molecule. Loss of this interaction likely accounts, at least in part, for findings that the N140A mutation completely depletes G·T glycosylase activity and causes a huge (27 000-fold) loss in G·U activity ([@B34]). As shown in Figure [6](#F6){ref-type="fig"}, the nucleophile is also contacted by the backbone oxygen and side chain hydroxyl of Thr^197^, a residue that is also strictly conserved and important for base excision, as indicated by findings that the T197A mutation causes a 32-fold reduction in G·T glycosylase activity ([@B34]). Previous findings that the N140A mutant retains a low level of glycosylase activity for some substrates (G·U, G·5FU) ([@B39],[@B72]) is likely explained by contacts to the nucleophile from Thr^197^ and perhaps other enzyme groups. Notably, the Asn^140^ side chain is positioned by contacts to the Thr^197^ hydroxyl and a backbone oxygen (195). Given the substantial homology between TDG and MUG enzymes (*E. coli* MUG 32% identical to human TDG), and the strict conservation of nucleophile-coordinating residues (Asn^140^, Thr^197^), this nucleophile-binding mechanism for TDG likely applies to MUG enzymes. This is significant because no putative nucleophile is observed the structure of an E·S complex for MUG bound to G·U^F^ DNA ([@B43]).

![Binding of the nucleophilic water molecule in the E·S complex of TDG^82-308^ bound to G·U^F^ DNA. TDG is shown in cartoon format with residues of interest in stick format (white with nitrogen blue and oxygen red), the flipped dUrd nucleotide is in yellow stick format, and the nucleophilic water molecule is a red sphere (other waters not shown, for clarity). The 2*F*~o~--*F*~c~ map, contoured at 1.0 σ, is shown for the nucleophilic water. Dashed lines represent hydrogen bonds, with interatomic distances (Å). The distance between the nucleophilic water molecule and C1′ of the flipped dUrd nucleotide (4.0 Å) is indicated by a thin dashed line.](gkw768fig6){#F6}

Our structure reveals a distance of 4.0 Å between the nucleophile and the nascent electrophile, C1′ of dUrd, in the enzyme--substrate complex (Figure [6](#F6){ref-type="fig"}). Previous studies of UNG indicate this distance would be reduced following cleavage of the *N*-glycosyl bond and migration of the electrophile (C1′ of an oxacarbenium ion intermediate) and possibly the nucleophile ([@B73]). As we noted previously ([@B34]), the proximity and relative position of the nucleophile and electrophile (C1′) observed for the E·S complex of TDG is nearly identical to that observed in a high-resolution (1.8 Å) structure of an E·S complex for the related enzyme UNG (nucleophile to C1′ distance of 3.5 Å) ([@B63]). Notably, a structure (1.9 Å resolution) of UNG bound to DNA containing an analog of the glycosyl cation intermediate reveals that the nucleophile--electrophile distance is reduced to 2.8 Å, via nucleophile migration ([@B73]).

Arg 'plug' residue {#SEC3-8}
------------------

Previous structures of DNA-bound TDG show that the strictly conserved Arg^275^ side chain penetrates the DNA minor groove and fills a void generated by nucleotide flipping ([@B23]--[@B25],[@B34]). The E·S structures here reveal direct and water-mediated contacts for Arg^275^ (Figure [7](#F7){ref-type="fig"}), most of which have not been observed in previous structures of E·S complexes. The cationic Arg^275^ side chain directly contacts each of the two anionic phosphates that flank the flipped nucleotide and forms an additional water-mediated contact with the 5′ phosphate. Remarkably, Arg^275^ also contacts the backbone oxygen of Pro^198^, which resides in a loop that contains key catalytic groups (Figures [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). Notably, the Arg^275^-Pro^198^ contact is also observed in our new E·P structure for TDG^82-308^ here, but not observed in any structures of TDG^111-308^, including high-resolution structures reported here and previously ([@B33]). Formation of the Arg^275^-Pro^198^ contact by TDG^82-308^ but not TDG^111-308^ might be due in part to the DNA contact provided by Arg^110^ (Figure [7](#F7){ref-type="fig"}), a residue that is absent in TDG^111-308^.

![Interactions involving the Arg^275^ 'plug' residue in the E·S complex for TDG^82-308^ and G·U^F^ DNA. Arg^275^ penetrates the minor groove and occupies the void generated by flipping of the dUrd nucleotide. TDG is shown in cartoon format with key residues in stick format (white with nitrogen blue and oxygen red). The Ura-containing DNA is yellow and the complementary strand green; water molecules are red spheres. Dashed lines represent hydrogen bonds, with interatomic distances (Å) shown. The 'opposing G' is the Gua of the G·U^F^ mispair. The contact involving Arg^110^, unique to TDG^82-308^, is also shown.](gkw768fig7){#F7}

The Arg^275^-Pro^198^ contact could help to stabilize the 'plug' conformation of Arg^275^, and thereby stabilize nucleotide flipping. Moreover, Pro^198^ is in a loop that would block reverse flipping of the target nucleotide out of the active site and back into the DNA duplex. Together, these effects might contribute to the much tighter binding to G·T DNA observed for TDG^82-308^ relative to TDG^111-308^ (Figure [2](#F2){ref-type="fig"}). Because Pro^198^ flanks Thr^197^, which helps coordinate the water nucleophile, the Arg^275^-Pro^198^ contact might also serve to couple nucleotide flipping with the chemical step or help to properly position the nucleophilic water. Such a mechanism might account in part for findings that the maximal enzymatic rate (*k*~max~) for G·T activity is 4-fold higher for TDG^82-308^ relative to TDG^111-308^ (Figure [2](#F2){ref-type="fig"}).

Notably, the closely related bacterial MUG enzymes have a Leu rather than an Arg residue in the corresponding 'plug' position ([@B43],[@B74]), which cannot form any of the direct or water-mediated contacts observed here for TDG. MUG acts on G·U and other substrates but not on G·T mispairs. An Arg residue serves as the 'plug' in MBD4 and MIG enzymes ([@B75]--[@B78]), which act on G·T (and G·U) mispairs but are unrelated to TDG. These observations suggest that some of the detailed electrostatic contacts observed here for the Arg plug of TDG may be generally important for G·T glycosylase activity and may be conserved for MBD4 and MIG. Indeed, for MBD4, the Arg 'plug' forms similar contacts with the two phosphates flanking the flipped nucleotide as observed for TDG ([@B75],[@B77]). No DNA-bound structures have been reported for MIG.

Interactions that may confer sequence context {#SEC3-9}
---------------------------------------------

TDG exhibits a strong preference for excising thymine, uracil and 5-substituted uracil analogs when these bases are flanked by a 3′ Gua and base-paired with Gua rather than Ade ([@B35],[@B44],[@B79]). Structures of the two G·U^F^ complexes reported here (TDG^82-308^ and TDG^111-308^) validate the contacts to these two Gua bases that were suggested by a previous structure of TDG^111-308^ with G·U^F^ solved at moderate (2.97 Å) resolution ([@B34]). In the previous structure, potential contacts to the opposing Gua from backbone oxygens were suggested, but the interatomic distances were rather long (*d* ≥ 3.6 Å), indicating weak interactions. By contrast, the two high-resolution E·S structures reported here reveal three clear contacts to the opposing Gua (*d* ≤ 3.0 Å) (Supplementary Figure S7). The backbone oxygens that contact the opposing Gua would likely present a repulsive environment to the corresponding regions of Ade (N1, C2), suggesting that specificity against canonical A·T pairs might involve repulsion of Ade as the pairing partner for Thy or other uracil analogs as the target base.

The new structures also demonstrate that the Gua located 3′ of the flipped Ura is contacted (at its N2H~2~) by the side chain of Gln^278^ and the backbone nitrogen of Ala^277^ (Figure [8](#F8){ref-type="fig"}). These contacts, which were not seen in the previous structure of the E·S complex (TDG^111-308^ with G·U^F^), offer an explanation for findings that TDG excision of Thy, and Ura analogues, is most efficient when the 3′ base is Gua, that is, a CpG (or CG) sequence context (relative activity: XpG \>\> XpA \> XpC \> XpT; where X is Thy or a Ura analog) ([@B35]). The structures also reveal that the side chain of Gln^278^ and potentially Lys^201^ can contact the second base located 3′ to the flipped Ura (Figure [8](#F8){ref-type="fig"}). While Lys^201^ does not contact the Cyt base located two nucleotides away from dUrd for TDG^82-308^, it does so for the TDG^111-308^ structure reported here (not shown). This could be significant because cytosine methylation (mC) is found in non-CG sites, with mCAC and mCAG observed most frequently ([@B80],[@B81]). Our structures suggest TDG would not form specific interactions with a 3′ Ade (relative to the flipped nucleotide) but can potentially contact Cyt and perhaps Gua in the second position located 3′ of the flipped nucleotide.

![TDG contacts two bases on the 3′ side of the flipped nucleotide, including the 3′-Gua. TDG^82-308^ is shown in surface representation with residues that contact the 3′-Gua shown as sticks. The dUrd-containing DNA strand is yellow. For clarity, the complementary strand is not shown except for the opposing Gua (green). Water molecules are red spheres. Dashed lines represent hydrogen bonds with interatomic distances (Å).](gkw768fig8){#F8}

CONCLUSION {#SEC4}
==========

Our results indicate that the 29 N-terminal residues of TDG^82-308^ confer enhanced substrate binding and faster base excision such that the activity of TDG^82-308^ is equivalent to that of intact TDG and much greater than TDG^111-308^. At the same time, crystal structures and NMR studies indicate that most ([@B25]) of these N-terminal residues are disordered, even when TDG^82-308^ is tightly bound to G·T or G·U substrate DNA. Thus, the enhanced biochemical activity provided by the N-terminal residues is attained without a gain in ordered structure. It will be of interest to investigate the nature of the disordered state of these N-terminal residues in future studies. One possibility might be that they participate in the search for specific sites and that this function might lead to the observed disorder through exchange between search and recognition conformations. Another possibility is that these residues, many of which are cationic (Lys, Arg), form non-specific and transient and interactions with the DNA backbone, thereby enhancing the binding affinity of TDG for specific and non-specific sites. In addition, transient DNA interactions for the N-terminal residues might enable TDG to bind DNA and allow residues 95--106, the PIP degron, to interact with PCNA and the E3 ligase CRL4^Cdt2^ to mediate degradation of TDG in S phase ([@B27]--[@B29]). The new high-resolution structures of TDG^82-308^ reported here reveal new and important enzyme--DNA contacts, some of which are not observed in corresponding structures for the smaller TDG^111-308^ construct. Together, our findings indicate that TDG^82-308^ is superior to TDG^111-308^ as a model for studying the structure and function of TDG. Our findings also suggest that the catalytic domain of TDG should be redefined to include Asp^109^ and Arg^110^, which contact the DNA substrate but are not found in TDG^111-308^.
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